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Dynamic shape changes of the plasma membrane
are fundamental to many processes, ranging from
morphogenesis and cell migration to phagocytosis
and viral propagation. Here, we demonstrate that
Exo70, a component of the exocyst complex, in-
duces tubular membrane invaginations toward the
lumen of synthetic vesicles in vitro and generates
protrusions on the surface of cells. Biochemical ana-
lyses using Exo70mutants and independent molecu-
lar dynamics simulations based on Exo70 structure
demonstrate that Exo70 generates negative mem-
brane curvature through an oligomerization-based
mechanism. In cells, the membrane-deformation
function of Exo70 is required for protrusion formation
and directional cell migration. Exo70 thus represents
a membrane-bending protein that may couple actin
dynamics and plasma membrane remodeling for
morphogenesis.
INTRODUCTION
Cells can be shaped by proteins that directly bind to the plasma
membrane and sense, induce, or stabilize its curvature (McMa-
hon and Gallop, 2005; Zimmerberg and Kozlov, 2006; Frost
et al., 2009). The BAR family of proteins form oligomeric, cres-
cent-shaped domains that abut the membrane through their
concave surfaces (McMahon and Gallop, 2005; Frost et al.,
2009). They induce tubular extensions from synthetic vesicles
in vitro and, in cells, cause invaginations of the plasma mem-
brane toward the cytoplasm during processes such as endocy-
tosis. On the other hand, most inverse BAR (I-BAR) proteins bind
to the membrane through their convex surface, induce mem-
brane tubules toward the lumen of the vesicles in vitro, and
generate surface protrusions, such as filopodia in cells (Mattila
and Lappalainen, 2008; Scita et al., 2008; Zhao et al., 2011).
The curvatures generated toward the cytoplasm by BAR pro-
teins are often termed as ‘‘positive curvature,’’ whereas those266 Developmental Cell 26, 266–278, August 12, 2013 ª2013 Elseviegenerated in the form of surface protrusions by I-BAR proteins
are termed as ‘‘negative curvature’’ (McMahon and Gallop,
2005; Zimmerberg and Kozlov, 2006).
The exocyst complex, consisting of Sec3, Sec5, Sec6, Sec8,
Sec10, Sec15, Exo70, and Exo84, mediates the tethering of
secretory vesicles at the plasma membrane for exocytosis and
cell-surface expansion (Hsu et al., 2004; Munson and Novick,
2006; He and Guo, 2009). The exocyst is implicated in many
cellular processes, such as epithelia formation, cytokinesis,
and neurite branching. Recent evidence has demonstrated that
the exocyst is involved in cell migration (Zuo et al., 2006; Rosse´
et al., 2006; Spiczka and Yeaman, 2008; Liu et al., 2009a, 2012;
Thapa et al., 2012; Ren and Guo, 2012). In particular, the exocyst
component Exo70 directly interacts with the Arpc1 subunit of the
Arp2/3 complex and kinetically stimulates actin polymerization
and branching at the leading edges of the migrating cells (Zuo
et al., 2006; Liu et al., 2009a, 2012). Exo70 has a long rod-like
structure that binds to PI(4,5)P2 through positively charged res-
idues on its surface (Dong et al., 2005; Hamburger et al., 2006;
Moore et al., 2007; Liu et al., 2007). Overexpression of Exo70,
but not any other subunit of the exocyst complex, induces filopo-
dia formation in cells independent of its function in exocytosis
(Zuo et al., 2006).
In this study, combining biochemical and cell biological ana-
lyses, in silico molecular dynamics, and mesoscale simulations,
we demonstrate that Exo70 induces negative membrane curva-
ture through an oligomerization-based scaffolding mechanism.
In cells, membrane deformation by Exo70 is required for the gen-
eration of membrane protrusions and cell migration. Our study
not only reveals a function of Exo70 in membrane curvature
induction but also provides a mechanism that couples actin
dynamics and membrane remodeling for morphogenesis and
directional cell migration.
RESULTS
Exo70 Induces Membrane Tubules toward the Lumen of
Synthetic Vesicles
Exo70 was previously shown to bind to PI(4,5)P2 and associate
with the cytosolic side of the plasma membrane (Liu et al.,
2007; He et al., 2007). Moreover, overexpression of Exo70r Inc.
Figure 1. Exo70 Induces Tubular Invagina-
tions on Synthetic Vesicles
(A) Transmission EM showing that GST-Exo70
induced tubular invaginations toward the interior of
the lumen of LUVs similar to the MIM I-BAR
domain. GST and GST-Exo70(K571A/E572A) did
not induce any membrane tubules. See Experi-
mental Procedures for details. Scale bar, 0.5 mm.
(B) Untagged Exo70 induced membrane in-
vaginations. The arrow shows a representative re-
gion where the tubular invagination was connected
to the exterior. See also Movie S1A for 3D tomog-
raphy of this LUV.
(C) Comparison of the diameters of the membrane
tubules induced by different proteins. Error bars
represent SD. n = 80; *p < 0.01.
(D) Confocal microscopy of fluorescence-labeled
GUVs incubated with Exo70 (upper panel) or buffer
control (lower panel). Sequential frames show the
inward growth of a tubule (arrowhead) from a GUV
incubated with Exo70. Scale bar, 5 mm.
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(Zuo et al., 2006; Mattila et al., 2007; Yang et al., 2009). We
thus tested whether Exo70, like I-BAR, affects membrane
morphology under the same condition described previously
(Mattila et al., 2007). Synthetic large unilamellar vesicles (LUVs)
containing 30% PI(4,5)P2 were incubated with recombinant
Exo70 or the I-BAR domain of MIM. The morphology of these
LUVs was then analyzed by transmission electron microscopy
(EM). Strikingly, the LUVs incubated with glutathione S-trans-
ferase (GST)-Exo70 displayed tubular invaginations that
extended toward the lumen (Figure 1A). The average diameter
of these membrane tubules was 68.8 ± 13.8 nm (Figure 1C).
Exo70 without the GST tag also induced membrane invagina-
tions (Figure 1B), albeit the average diameter of the tubules
was smaller (49.5 ± 9.6 nm) (Figure 1C). The I-BAR domain of
MIM inducedmembrane tubules that were slightly larger in diam-
eter than those induced by Exo70 (76.1 ± 17.4 nm) (Figures 1A
and 1C). As a negative control, GST had no effect on the LUVs,
and the Exo70 (K571A/E572A) mutant, which is defective in
PI(4,5)P2 binding (Liu et al., 2007), failed to induce invaginationsDevelopmental Cell 26, 266–27(Figure 1A). Three-dimensional recon-
struction of the deformed LUVs using a
series of tilted images demonstrated the
connectivity of the tubular invaginations
with the exterior (see arrow in Figure 1B;
Movie S1A available online for tilted
series). We have also performed the
experiment using LUVs containing 5%
PI(4,5)P2. Exo70 induced invaginations,
albeit the number of tubules was smaller
than samples using LUVs containing
30% PI(4,5)P2 (see Movie S1B for tilted
series).
In addition to using LUVs and EM, we
also investigated membrane tubulation
induced by Exo70 using giant unilamellar
vesicles (GUVs) containing 5% PI(4,5)P2
and fluorescence-labeled lipids. The largesize of GUVs and the fluorescence labeling allow the direct visu-
alization of membrane deformation in real time. As shown in Fig-
ure 1D, addition of Exo70 induced inward growth of membrane
tubules from these GUVs, which was not observed in the
absence of Exo70.
Oligomerization of Exo70
BAR proteins usually deform membrane by forming a-helical
dimers or oligomers that scaffold the negatively charged mem-
branes (McMahon and Gallop, 2005; Frost et al., 2009; Zhao
et al., 2011). We therefore examined the potential oligomeriza-
tion of recombinant Exo70 by gel-filtration chromatography.
The full-length Exo70 was distributed in high-molecular weight
(MW) fractions (Figure 2A), suggesting that Exo70 formed
oligomers. Sequence analysis by COILS program (Lupas et al.,
1991) predicts that the N terminus of Exo70 has a high probabil-
ity to form a coiled-coil structure, which may participate in
Exo70 oligomerization. We found that Exo70(D1–75), which
lacks the N-terminal 75 amino acids, was distributed in low-
MW chromatographic fractions. To further confirm the8, August 12, 2013 ª2013 Elsevier Inc. 267
Figure 2. Oligomerization of Exo70 Is Required for Membrane Deformation
(A) Recombinant Exo70 proteins were loaded onto a Superdex 200 10/300GL column, and eluted fractions were subjected to SDS-PAGE. Exo70 but not
Exo70(D1–75), was eluted in high-MW fractions.
(B) Gel-filtration fractions were lightly treated with crosslinker BM(PEG)2, which links proteins in close proximity. High-MW species were observed in Exo70 but
not in Exo70(D1–75) fractions. Arrowheads: Exo70 oligomers.
(C) Lysates of HEK293T cell expressing Exo70-FLAG together with GFP, GFP-Exo70, or GFP-Exo70(D1–75) were incubated with anti-FLAG (M2) beads. The
inputs and bound proteins were analyzed by western blotting using anti-FLAG (upper panels) and anti-GFP monoclonal antibodies (lower panels). Exo70-FLAG
was able to pull down GFP-Exo70 and, to a much lesser extent, GFP-Exo70(D1–75).
(D) Exo70 or Exo70(D1–75) was incubated with GUVs and subjected to confocal microscopy. Exo70(D1–75) induced much fewer invaginations than Exo70.
(E) The contours of GUVmembranes were linearized. The numbers of invaginations per 25 mmwere calculated (average ± SD). Exo70(D1–75), and Exo70(K571A/
E572A) induced much fewer invaginations than the full-length Exo70 (n = 10; p < 0.01). Scale bar, 5 mm.
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cysteine crosslinker BM(polyethylene glycol [PEG])2. A range
of oligomeric species was detected in Exo70 but not
Exo70(D1–75) samples (Figure 2B), suggesting that the high-
MW fractions of Exo70 were indeed formed by oligomerization
rather than due to the elongated shape of the protein. In addition
to the experiments using recombinant proteins, we also de-
tected the self-association of Exo70 in HEK293T cells by immu-
noprecipitation (Figure 2C).
The ability of Exo70(D1–75) to deform membrane was exam-
ined using fluorescence-labeled GUVs (Figure 2D and 2E).
Exo70(D1–75) induced much fewer invaginations than the full-
length Exo70. In addition, the Exo70(K571A/E572A) mutant,
which does not bind to the membrane, failed to induce invagina-
tions, similar to the buffer control (Figure 2E). These results sug-268 Developmental Cell 26, 266–278, August 12, 2013 ª2013 Elseviegest that Exo70 employs a scaffolding mechanism to deform the
membrane, which requires both membrane binding and protein
oligomerization.
Molecular Dynamics and Mesoscale Simulations on
Exo70-Induced Membrane Deformation
Molecular dynamics simulations were previously used to study
the BAR domain-induced positive curvature and resolve at the
molecular level the mechanisms by which BAR domains sculpt
the lipid bilayers (Arkhipov et al., 2008; Yin et al., 2009; Ayton
and Voth, 2009). Recently, coarse-grained molecular dynamics
(CGMD) simulations were employed to study themolecular inter-
actions of Epsin N-terminal homology domain oligomerization
and association with membranes leading to the stabilization
of tubular membrane geometries (Lai et al., 2012). Here, wer Inc.
Figure 3. Molecular Dynamics and Meso-
scale Simulations Demonstrate that Exo70
Induces Negative Membrane Curvature
(A) Molecular dynamics simulation of modeled
Exo70 antiparallel (left) and parallel (right) dimers
on a DOPC/DOPS bilayer. Top and side views of
the simulation snapshots show negative curvature
formed in both directions. All snapshots were
rendered with VMD (Humphrey et al., 1996). See
also Movie S2 for a more comprehensive view and
Movie S3 for analysis of negative curvature re-
corded in the simulations.
(B) Comparison of the radius of curvature esti-
mates (here, R = h2Hmaxi1) for different Exo70
variants on the membrane. Dashed line at 53.4 nm
represents the threshold above which no inward
membrane tubulation was detected in mesoscale
simulations. WT, wild-type.
(C) Snapshots from mesoscale simulations of
inward growing tubules for model Exo70 domains
at different surface concentrations (from 20% to
100%); a0 = 14 nm, H0
jj = 1.0/a0 and εLL = 1 kBT.
The extent of tubulation is Exo70 concentration-
dependent. Exo70 proteins on the outer surface of
the membrane are not shown in order to enhance
the visibility of the tubules.
See also Figure S1.
Developmental Cell
Generation of Membrane Curvature by Exo70employed similar approaches to investigate the interaction
between Exo70 and themembrane. We test whether theminimal
oligomerized state (namely a dimer) shows enhanced curvature
induction in comparison to the monomer. If the enhancement
is present at the dimer level, this effect is expected to be accen-
tuated further in the case of higher-order oligomers. The crystal
structure of mouse Exo70 (amino acids 85–653) features a 1703
35 A˚ rod composed of a-helical bundles slightly curved in the
middle (Hamburger et al., 2006; Moore et al., 2007), and the
N-terminal, noncrystallized region is predicted to be a coiled-
coil structure. Based on the structural information, coarse-
grained Exo70 antiparallel and parallel dimer models were
constructed usingMODELLER, relaxed using all-atommolecular
dynamics simulations, and then attached to an equilibrated
bilayer containing 12,800 lipidswith a 4:1 DOPC:DOPS ratio (Fig-
ure 3A). The system was simulated with a standard MARTINI
model with time step of 40 fs up to 300 ns in real time (seeMovies
S2A and S2B). In addition, we simulated Exo70(D1–75) mono-
mer, Exo70(K571A/E572A) mutant dimer and no protein control
in the system. We have characterized the induced curvature as
well as the fluctuations associated with the curvature accordingDevelopmental Cell 26, 266–278to a statistical procedure (see Supple-
mental Experimental Procedures), in
which we fit frame-by-frame a two-
dimensional Gaussian function to the
height of the bilayer midplane (Movies
S3A–S3E). These fits characterize the
dynamic negative curvature and anisot-
ropy associated with dimples induced
by Exo70 on the bilayer in each confor-
mation; the anisotropy is particularly pro-
nounced in the wild-type dimers. Wecomputed the average maximum induced curvature for each
system, the extent of the curvature field (and the associated
anisotropy by defining the standard deviation of the Gaussian
fit to the midplane deformation along the major and minor
axes), as well as the estimate of the deformation energy to create
the equivalent membrane deformation induced by the protein
(see Figures S1A–S1C and associated text in Supplemental
Experimental Procedures). These estimates for a single unit
(i.e., protein monomer or protein dimer) interacting with a patch
of a bilayer indicate that both antiparallel and parallel dimers
induce significantly more negative curvature than Exo70(D1–
75) monomer, Exo70(K571A/E572A) mutant dimer, and control
simulations of a bare membrane. The results are presented in
Figure 3B in terms of R, the radius of curvature estimates
(here, R = h2Hmaxi1). Analysis of the protein and lipid con-
formations in our simulations revealed that the induction of the
curvature was mediated by the positively charged residues
throughout the surface of the Exo70 dimers that interact with
the negatively charged phospholipids, which suggests that
curvature induction requires a scaffold of at least two linked
Exo70 monomers that act in concert to remodel the associated, August 12, 2013 ª2013 Elsevier Inc. 269
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the electrostatic map depicting this charge complementarity
between the protein and the lipid interfaces is shown in Figures
S1D and S1E.
Mesoscale simulations have been described in the literature
to investigate endocytic vesicle formation in yeast and mamma-
lian cells, which provide important mechanistic insights of
protein-lipid interplays during endocytosis (Liu et al., 2006,
2009b; Agrawal et al., 2010). More recently, an extension of
this approach along with concepts from the theory of self-
assembly in liquid crystalline phases has been employed to
study the nucleation of tubular morphologies (Ramakrishnan
et al., 2010). Using this approach, we performed Monte Carlo
simulations, starting from a closed vesicle with Exo70 dimers
(Figure 3C). The equations and parameter settings are ex-
plained in detail in the Supplemental Experimental Procedures.
We have examined the collective effect of negative curvature-
inducing fields on membrane morphology. In our model, the
membrane surface is triangulated and each vertex can have
up to one field vector of strength H0
jj; we note that each field
vector on a vertex can represent the collective effect of multiple
(but a fixed number of) proteins acting on the membrane area
associated with that vertex. The average length of a link be-
tween two adjacent vertices is 1.3a0, where a0 is the intrinsic
length of the triangulated membrane lattice. We set the value
of a0 to be 14 nm by requiring the span of the field vector
(1.3a0) in the mesoscale model to be consistent with the extent
of the long axis of the curvature field in the CGMD model for the
protein (see sy values in Figure S1C; i.e., 1.3a0 = sy). We
explore surface concentrations of the field vector (i.e., percent-
age of vertices at which a curvature field vector resides) in the
range 20%–100% and field vector strength in the range H0
jj =
0.4/a0 to 1.0/a0 to find parameter regimes which stabilize
inward tubulation. Figure 3C depicts typical membrane mor-
phologies when H0
jj = 1.0/a0 and surface concentration of
curvature fields from 20% to 100%. At 50% and 70% surface
concentration, the resulting tubular morphologies are remark-
ably similar to the experimentally observed morphologies
depicted in the electron micrograph of Figure 1A. The extent
of tubulation depends on Exo70 concentration: inward tubules
were observed to form at low field vector surface concentration
(20%); as the concentration increased, the number of tubules
increased. Our simulations also indicated that, below a field
vector strength of jH0jj j < j0.6/a0j, the inward membrane tubu-
lation was absent. Based on the tubular morphology in our
simulation, we performed geometric analyses of individual
tubules to find that the average tubule diameter was 2.6a0 =
36 nm at H0
jj = 1.0/a0 and 3.4a0 = 48 nm for H0jj = 0.6/a0.
The threshold protein density required to induce tubular invag-
inations is shown in Figure S1F; see also associated text in
Supplemental Experimental Procedures for the estimation of
the threshold.
All together, the simulations suggest that Exo70 generates
pronounced negative membrane curvature, even at the dimer
level. Estimates of the surface density of proteins required for
stabilization of inward tubulation reveals that only the wild-type
dimers are able to induce sufficient curvature to meet the esti-
mated threshold and the monomer as well as that the lipid-
binding-deficient mutant fails to meet the threshold criteria.270 Developmental Cell 26, 266–278, August 12, 2013 ª2013 ElsevieExo70 Induces Actin-Free Membrane Protrusions in
Cells
In cells, overexpression of membrane-deforming proteins often
results in the formation of numerous tubules in the cytoplasm
(for BAR proteins, such as amphiphysin; Takei et al., 1999; Peter
et al., 2004) or protrusions at the cell surface (for I-BAR proteins,
such as IRSp53; Mattila et al., 2007). The expression of these
BAR proteins at nonphysiological levels in cells served to test
their role in generating membrane curvatures in vivo. Exo70
overexpression was previously shown to induce filopodial pro-
trusions (Zuo et al., 2006). The protrusions on the cell surface
are topologically equivalent to the inward membrane tubules
observed in the synthetic vesicles shown above. However, filo-
podial protrusions on the cell surface also involve filamentous
actin bundles (Mattila and Lappalainen, 2008). Therefore, a care-
ful examination of these Exo70-induced protrusions is needed to
better differentiate the contributions from actin and curvature in-
duction, respectively.
Using time-lapse fluorescence microscopy, we examined the
dynamics of Exo70 and F-actin in filopodial protrusions induced
by overexpressing GFP-Exo70 in B16F1 cells (Figure 4). GFP-
Exo70 and F-actin (labeled by mCherry-Lifeact) frequently
codistributed along the entire length of filopodia and displayed
coordinated dynamics (Figures 4B and 4D). Interestingly, there
was a substantial fraction (20.8%) of GFP-Exo70-positive filopo-
dia that were devoid of F-actin (Figures 4C–4E). This phenotype
was also observed previously with the overexpression of I-BAR
domains, where 10% actin-free protrusions were found
(Yang et al., 2009). We observed that approximately 5% of the
protrusions were first positive only with GFP-Exo70 and later
filled with F-actin (Figures 4C and 4D). We have also performed
line scan analysis of the GFP-Exo70-induced protrusions (Fig-
ures S2A–S2C). For each protrusion, we measured the fluores-
cence intensity of GFP-Exo70 and actin signals along the length
of protrusion and estimated the full width at half maximum by
Gaussian fitting using Matlab (Mathworks). The ratio between
GFP-Exo70 and actin is above one in all protrusions analyzed
(n = 20), usually higher in the distal region of the protrusions, sug-
gesting that the GFP-Exo70 signal is outside of the actin signal,
especially at the tips. In addition to GFP-tagged Exo70, we found
that the monomeric red fluorescent protein-Ruby-tagged Exo70
induced membrane protrusions in a similar manner (Figure S2D).
Therefore, the generation of the observed protrusions was
unlikely an artifact of GFP dimerization. While the wild-type
GFP-Exo70 stimulated protrusion formation, the Exo70mutants,
Exo70(D1–75) (defective in oligomerization), Exo70(K571A/
E572A) (defective in membrane association), and Exo70(D628–
630) (defective in binding the Arp2/3 complex; Zuo et al., 2006;
Liu et al., 2012) lost their ability to stimulate protrusions. Further-
more, in these cells, actin-free protrusions were barely detect-
able in the existing filopodia (Figures 4F and S2E).
To examine the ultrastructure of actin in GFP-Exo70-induced
protrusions, we performed platinum replica EM. For filopodia
that did contain actin, there were fewer (two to four, usually
more than 15 in normal filopodia; Lewis and Bridgman, 1992)
or loosely bundled actin filaments (Figures S2F–S2I). To further
confirm the above observation, correlative time-lapse fluor-
escence and platinum replica EM were performed on GFP-
Exo70-expressing cells. We found that many filopodialr Inc.
Figure 4. Characterization of Exo70-Induced Membrane Protrusions on the Cell Surface
(A) Overview of a B16F1 cell coexpressing GFP-Exo70 and mCherry-Lifeact (labeling F-actin).
(B–D) Time-lapse microscopy showing dynamics of individual filopodia in box b, c, and d of (A). Time interval between frames is 42 s. The lines mark the most
distal points of GFP-Exo70 (green) and actin (red) signals in the filopodia over time; the yellow lines indicate the coincidence of these signals. (B) For a regular
filopodium, the dynamics of GFP-Exo70 and F-actin were indistinguishable. (C)While GFP-Exo70 signal was stationary, F-actin lagged behind and gradually filled
the filopodium. (D) GFP-Exo70 and F-actin colocalized in the long stationary filopodium, whereas the nascent GFP-Exo70-positive filopodium (green arrow) was
actin-free. In the same field, a new membrane protrusion (yellow arrowhead) was emerging and gradually filled with F-actin.
(E) The percentage of filopodia completely filled with F-actin and lacking F-actin in the interior. A total of 1,687 filopodia in 31 cells were counted.
(F) B16F1 cells expressing GFP-Exo70 variants were stained for F-actin. GFP-Exo70 induced significantly more filopodia than GFP or GFP-Exo70 mutants. In
addition, approximately 20% of the GFP-Exo70-induced membrane protrusions were actin-free. Much lower percentages of the protrusions in cells expressing
GFP or GFP-Exo70 mutants (see text for description of the mutants) were actin-free. Error bars, SD; n = 10; *p < 0.01. See also Figure S2E.
(G) B16F1 cells treated with siRNAs targeting Exo70, Sec8, or Sec15 were transfected with GFP or GFP-Cdc42L, respectively. The expression of GFP-Cdc42L
inducedmore filopodia comparing to GFP cells. The number of filopodia was significantly reduced upon Exo70 knockdown. Knockdown of Sec8 or Sec15 did not
affect the filopodia formation inGFP-Cdc42L orGFPcells. Error bars, SD; n=10; *p<0.01. Seealso FigureS3B forwestern blot showing the knockdownefficiency.
Developmental Cell
Generation of Membrane Curvature by Exo70
Developmental Cell 26, 266–278, August 12, 2013 ª2013 Elsevier Inc. 271
Figure 5. Dynamics and Ultrastructures of Exo70-Induced Membrane Protrusions
(A–C) Correlative fluorescence and platinum replica EM showing the organization of actin in protrusive structures in a GFP-Exo70-expressing cell. (A) Overview of
a B16F1 cell expressing GFP-Exo70. Scale bar, 10 mm. (B) Frames from the time-lapse sequence showing dynamics of a protruding filopodium (corresponding to
box b in [A]). Correlative EM of region (B) is shown in (C) or with overlaid GFP-Exo70 fluorescence (green) (C0). Scale bar, 0.5 mm. The red arrows show a newly
generated membrane protrusion that was devoid of actin.
(D–H) Correlative fluorescence and platinum replica EM of a GFP-Exo70-expressing cell shown by GFP fluorescence (D–F) or EM (G) at the beginning (D) and the
end (E) and (F) of the 220 s time-lapse sequence and after detergent extraction (‘‘Ext,’’ extracted with 1% Triton X-100 in PEM buffer containing 2 mM phalloidin
without 2%PEG) (F and G). Scale bar, 10 mm. Inset in (E) is an overlay of boxed regions from (D) and (E), showing that most filopodial protrusions marked by GFP-
Exo70 were barely changed. Inset in (F) is an overlay of boxed regions from (E) and (F) showing that half of membrane protrusions were removed by detergent
extraction, while others remained (shown in red), which contained actin filaments, as shown by EM (inset in [G]). (H) Correlative EM showing that each detergent-
resistant filopodia contained only 2–4 actin filaments, which are superimposed with GFP-Exo70 signals (colored red). Scale bar, 0.2 mm.
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filaments (Figure 5). Furthermore, after detergent extraction,
more than 50% of these protrusions were completely dissolved
(20%) or lost their distal regions (30%), suggesting the
absence of actin in the detergent-sensitive regions (Figures
5D–5H). Our observation that Exo70 induces membrane protru-
sions devoid of actin is consistent with the in vitro finding of tu-
bule generation inside the lumen of synthetic vesicles (Figure 1),
as they are topologically equivalent in the direction of tubulation
(negative curvature).
To test whether the ability of Exo70 to stimulate membrane
protrusion depends on the other members of the exocyst com-
plex, we examined the filopodial protrusions in B16F1 cells
with Sec8 and Sec15 (two other components of the exocyst272 Developmental Cell 26, 266–278, August 12, 2013 ª2013 Elseviecomplex) knocked down by RNA interference. GFP-Exo70
induced numerous protrusions in these knockdown cells similar
to the control cells, with approximately 20% of the protrusions
actin-free (Figure S3A). The constitutively active form of
Cdc42, Cdc42(Q61L), stimulated filopodia formation in B16F1
cells (Zuo et al., 2006; Figure 4G). Knockdown of Exo70 reduced
the number of filopodia induced by Cdc42(Q61L), whereas
knockdown of Sec8 or Sec15 had no effect, further suggesting
that Exo70 is specifically required for filopodia induction (Fig-
ure 4G; Figure S3B). In cells, higher percentage of endogenous
Exo70 was localized to the plasma membrane comparing to
Exo84 and Sec10 (Figures S3C and S3D). By gel filtration, we
found that the endogenous Exo70 exists in a free pool in addition
to the holocomplex (Figure S3E). Taken together, it is possibler Inc.
Figure 6. The Function of Exo70 in Mem-
brane Deformation Is Required for Lamelli-
podia Formation
(A) MDA-MB-231 cells expressing indicated
siRNAs and GFP-tagged rat Exo70 variants were
stained for Arp3 (red) and F-actin (blue) to detect
lamellipodia. Control siRNA-treated cells (panel 1)
had clear and extended lamellipodia. In Exo70
knockdown cells (panel 2), the formation of
lamellipodia was impaired. Expression of GFP-
rExo70 (panel 3) rescued lamellipodia formation,
whereas the expression of Exo70 mutants failed to
rescue the defect (panels 4 and 5). Scale bar, 5 mm.
(B) The ratios between the length of the lamelli-
podia and the total cell perimeters (lamellipodia
ratio) were compared for each group. The mutant
groups have lower lamellipodia ratios. Error bars,
SD; n = 25; *p < 0.01.
See also Figure S4.
Developmental Cell
Generation of Membrane Curvature by Exo70that Exo70 induces membrane protrusions independent of the
other exocyst components.
Exo70 Mediates Leading Edge Protrusion and
Directional Cell Migration
Membrane protrusions at the leading edge are important for
directional cell migration (Pollard and Borisy, 2003; Mattila and
Lappalainen, 2008; Ridley, 2011). A branched actin network
mediated by the Arp2/3 complex ‘‘pushes’’ the plasma mem-
brane to generate surface protrusions, which is the physical
step that initiates directional cell migration (Pollard and Borisy,
2003; Ridley, 2011). Recently, accumulating evidence suggests
an important role of membrane curvature induction for protru-
sion formation (Bereiter-Hahn, 2005; Suetsugu et al., 2006; Mat-
tila et al., 2007; Ji et al., 2008; Yang et al., 2009; Guerrier et al.,
2009). Since Exo70, like I-BAR domains (Suetsugu et al., 2006;
Mattila et al., 2007; Yang et al., 2009) and srGAP2 F-BAR (Guer-
rier et al., 2009), can induce negative membrane curvature, it is
possible that Exo70 uses its membrane-deforming activity for
leading edge protrusion and directional cell migration.
We tested this hypothesis by taking advantage of the Exo70
mutants defective in deforming membrane in vitro. The
Exo70(K571A/E572A) and Exo70(D1–75) mutants were selected
because they maintained their ability to bind to other exocyst
components and to interact with Arpc1 (Figures S4A and S4B).
In addition, in our exocytosis assays using VSV-G-ts45,
Exo70(D1–75) was able to rescue the exocytosis blockade in
Exo70 knockdown cells similar to the wild-type Exo70 (Figures
S4C–S4E). Exo70 mutants did not induce filopodial protrusions
in B16F1 cells (Figures 4F and S2E), consistent with in vitro (Fig-
ure 2) and in silico (Figure 3) results.
Human MDA-MB-231 cell lines stably expressing GFP-
tagged rat Exo70 mutants Exo70(K571A/E572A) and
Exo70(D1–75) were generated. The endogenous Exo70 was
then knocked down by small interfering RNA (siRNA) in these
cells. The levels of knockdown were confirmed by western blot-
ting (Figure S5A). The Exo70 knockdown cells expressing Exo70
membrane-deformation mutants were dramatically defective inDeveloptheir ability to form lamellipodial protrusions as revealed by
Arp3 and F-actin staining (Figure 6A). The ‘‘lamellipodia ratio,’’
defined as the length of the leading edge divided by the total
cell perimeter, was significantly lower in the knockdown cells
expressing Exo70 mutants (Figure 6B). Exo70 was shown to
stimulate the Arp2/3 complex-mediated actin polymerization
(Liu et al., 2012). The problem in lamellipodia formation in the
Exo70(D1–75) cells was, however, unlikely due to a defect in
actin dynamics, as the lysates from these cells had comparable
stimulatory effect as those from wild-type Exo70-expressing
cells on actin polymerization in our pyrene actin assay
(Figure S4F).
The migratory properties of these cells were also examined by
three different assays. In the transwell assay, much fewer Exo70
knockdown cells expressing the Exo70 mutants migrated to the
lower chamber as compared to the control cells (Figure 7A).
Similarly, in a wound-healing assay, it took the Exo70 mutant
cells longer time to close the wounds (Figures 7B and S5B).
Finally, by tracking the trajectories of individual cells over time,
we found that cells expressing Exo70 mutants were not only
slower in migration but also less capable of maintaining the
direction of their movement (Figures 7C and 7D). The directional
persistence, quantified as the ratio of the net displacement to the
total migration distance (‘‘D:T ratio’’), was much smaller in cells
expressing Exo70 mutants (Figure 7C). Taken together, these
results suggest that the membrane-deforming activity of Exo70
plays an important role in membrane protrusion formation and
directional cell migration.
DISCUSSION
Combining biochemical and cell biological approaches and
in silico simulations, our study reveals a function for Exo70 in
the generation of negative membrane curvature in vitro. In cells,
overexpression of Exo70 induces filopodial protrusions, many of
which are actin-free at the tip, supporting the role of Exo70 in
membrane bending. Furthermore, cells with inhibition of Exo70
or expressing Exo70 mutants deficient in curvature inductionmental Cell 26, 266–278, August 12, 2013 ª2013 Elsevier Inc. 273
Figure 7. The Function of Exo70 in Membrane Deformation Is Required for Directional Cell Migration
(A) Transwell assays were performed using cells described in Figure 6. The bars indicate the average number of migrated cells per field for each group. Error bars,
SD; n = 3; *p < 0.01.
(B) Wound-healing assays were performed. The percentage of wound closure (closure distance over initial opening) after 6, 24, and 48 hr of migration was
calculated for each group. Error bars, SD; n = 3; *p < 0.01. See also Figure S5B for wound healing images.
(C) Single-cell movement was tracked using time-lapse microscopy. Directional persistence of individual cells was calculated as D:T ratio (see text). The per-
centage of cells with different D:T ratios (0–0.2; 0.2–0.5; >0.5) is indicated. n = 60; *p < 0.01.
(D) The trajectories of ten representative cells at 5 min intervals during a 400 min migration period are presented for each group. The origins of each track were
superimposed at position (0, 0). The boxed regions in corresponding treatments showed 73magnifiedmigration track from one representative cell in each group,
which indicates that the cells were not stationary.
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directional migration.
Phospholipid-binding and protein oligomerization-mediated
scaffolding is one of themajormechanisms formembrane curva-
ture induction (McMahon and Gallop, 2005; Frost et al., 2009;274 Developmental Cell 26, 266–278, August 12, 2013 ª2013 ElsevieMim et al., 2012; Boucrot et al., 2012). By sequence alignment,
Exo70 does not belong to any of the BAR domain families. On
the other hand, the rod-like structure of Exo70 and its oligomer-
ization may bestow its overall resemblance to the BAR proteins.
Through the characterization of Exo70mutants, we demonstrater Inc.
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for Exo70 to induce membrane curvature. In addition to the
biochemistry and cell biology experiments, we investigate the
molecular mechanism of Exo70-induced membrane deforma-
tion by molecular dynamics simulations. Based on the known
Exo70 sequence and its crystal structure, our analysis of the
protein-membrane interactions predicts the ability of dimeric
Exo70 to induce negative curvature through positively charged
residues on its surface that interact with phospholipids. More-
over, mesoscale Monte Carlo simulations demonstrate that
Exo70 generates membrane tubules on liposomes with remark-
able similarities to the EMmicrographs obtained from our in vitro
membrane tubulation assay. The simulations of protein-mem-
brane interactions at the atomic scale and membrane tubulation
at the mesoscale further suggest an oligomerization-mediated
mechanism for Exo70-induced membrane curvature induction.
Membrane curvature induction is often coupled with cyto-
skeletal activities (for review, see Doherty and McMahon,
2008; Scita et al., 2008). Exo70 was previously shown to directly
interact with and kinetically stimulate the Arp2/3-complex-
mediated actin polymerization and branching (Zuo et al.,
2006; Liu et al., 2012). The function of Exo70 on actin dynamics
can be coordinated with its ability to induce membrane cur-
vature during such processes as morphogenesis and cell
migration. It is thought in the field that a branched actin network
mediated by the Arp2/3 complex pushes the plasma membrane
for cells to protrude. Recent findings on I-BAR and F-BAR pro-
teins led to the appreciation of membrane curvature in protru-
sion formation (Mattila et al., 2007; Mattila and Lappalainen,
2008; Yang et al., 2009; Guerrier et al., 2009). It is plausible
that Exo70, like the above-mentioned proteins, uses its mem-
brane-deforming activity in leading edge protrusion and direc-
tional cell migration. The ability of Exo70 to induce negative
membrane curvature may create a space at the leading edge
to accommodate active actin polymerization and branching
mediated by the Arp2/3 complex. Exo70 may thus couple mem-
brane remodeling and actin dynamics for effective protrusion
formation and cell migration.
In this study, we find that overexpression of Exo70 can induce
actin-free filopodial protrusions, further supporting the role of
Exo70 in membrane curvature induction in cells. Similar pheno-
types have been observed with the overexpression of I-BAR
domains (Suetsugu et al., 2006; Yang et al., 2009) and srGAP2
F-BAR (Guerrier et al., 2009) that are capable of inducing nega-
tive membrane curvatures. The ‘‘actin-free’’ filopodial protru-
sions observed in these studies are consistent with the emerging
view that membrane curvature induction plays a role in protru-
sion formation (Scita et al., 2008; Mattila and Lappalainen,
2008). The actin networks in lamellipodia during cell migration
are mostly branched filaments generated by the Arp2/3 complex
(Pollard and Borisy, 2003), whereas those in filopodia are
bundled filaments (Mattila and Lappalainen, 2008). Unlike in la-
mellipodia, the Arp2/3 complex in the distal tips of filopodia is
less prevailing (Svitkina and Borisy, 1999). As such, in filopodia,
Exo70 cannot effectively exert its stimulatory effect on actin
branch formation as it does in lamellipodia (Liu et al., 2012).
The filopodial tips devoid of actin in the Exo70-overexpressing
cells may reflect that the membrane-deforming activity of
Exo70 surpasses its ability to stimulate actin in those regions.DevelopThe function of Exo70 in membrane deformation may be
independent of the exocyst complex. None of the other exocyst
subunits can induce membrane protrusions in cells upon over-
expression. Exo70 is able to induce protrusions, even when
other exocyst subunits are knocked down. Inhibition of Exo70
but not any other exocyst components affects membrane pro-
trusion formation in cells with or without Cdc42 induction.
Exo70 has a clear enrichment in the plasma membrane
comparing to other subunits. Furthermore, the endogenous
Exo70 exists in free pools as well as being part of the exocyst
holocomplex; similar observation has recently been made in
yeast cells (Morgera et al., 2012). It is possible that the free
pool of Exo70 exerts its function in membrane curvature induc-
tion during protrusion formation.
In summary, our studies reveal that Exo70, through an oligo-
merization-based scaffolding mechanism, generates negative
curvature on the plasmamembrane. In addition to cell migration,
Exo70 and other members of the exocyst have been shown
to function in such cellular processes as primary ciliogenesis,
viral progression, and neuritis growth and branching, all of
which involve plasma membrane remodeling. It will be inter-
esting to test whether the function of Exo70 in membrane
deformation reported here also applies to these processes.
Moreover, as Exo70 is regulated by small GTPases and kinases
(Inoue et al., 2003; Ren and Guo, 2012), it will be interesting to
investigate how the function of Exo70 is spatially and temporally
controlled in various cellular contexts to fulfill different physiolog-
ical functions.
EXPERIMENTAL PROCEDURES
Detailed information on plasmids, antibodies, cell culture, protein purification,
immunoprecipitation, in vitro binding assays, additional information on molec-
ular dynamics simulations and mesoscale simulations, vesicular stomatitis
virus G protein (VSV-G) trafficking assay, and pyrene actin assay is described
in the Supplemental Experimental Procedures.
Statistics
Statistical analyses of the data were all performed using two-tailed Student’s
t test. Sample size (n) and error estimates, such as SD or SEM, are indicated in
the text or figure legends.
LUV Preparation and Thin-Section Electron Microscopy
L-a-phosphatidylinositol-4,5-bisphosphate; porcine brain triammonium salt
(PI(4,5)P2), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-Dioleoyl-
sn-Glycero-3-Phosphoethanolamine (DOPE), and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine, sodium salt (DOPS) were purchased from Avanti Polar
Lipids. LUVs were prepared using a protocol adapted from Mattila et al.
(2007). PI(4,5)P2 and DOPC were mixed at a molar ratio of 30:70, or PI(4,5)P2:
DOPS:DOPE:DOPC were mixed at a molar ratio of 5:15:10:70, dried with
nitrogen stream, and hydrated in 20 mM HEPES-KOH, pH 7.5, and 100 mM
NaCl to a total lipid concentration of 0.5 mM. The mixed lipids were subjected
to five cycles of freeze-thaw and extrusion through 1 mm filters using a mini
extruder. The concentrations of LUVs and proteins were chosen based on pre-
vious studies (Peter et al., 2004; Liu, et al., 2007; Mattila et al., 2007). We incu-
bated 100 mM LUVs with 2 mM recombinant proteins at room temperature for
1 hr and fixed them with 2% glutaraldehyde and 0.1% tannic acid in 0.1 M Na-
cacodylate buffer for 1 hr at 4C. Samples were then sedimented (17,000 g,
30 min at 4C) and postfixed in 1% OsO4 for 1 hr at 4C, followed by en
bloc staining with 2% uranyl acetate for 1 hr at 4C, dehydration, and Spurr
embedding. We prepared 100 nm sections and stained them with uranyl
acetate and lead citrate. All samples were visualized using a JEM-1011 trans-
mission electron microscope (JEOL USA) operated at 100 kV. For tilt series,mental Cell 26, 266–278, August 12, 2013 ª2013 Elsevier Inc. 275
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832.10W charge-coupled device (CCD) camera (Gatan). The diameters of
the membrane tubules inside the LUVs were measured by ImageJ. For
three-dimensional (3D) reconstruction, images were aligned and reconstituted
with TomoJ plugin in ImageJ.
GUV Preparation and Confocal Microscopy
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine, sodium salt (POPS), and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethyleneglycol)-
200], ammonium salt (DSPE-Bio-PEG2000) were purchased from Avanti Polar
Lipids and Texas Red-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (Texas Red-DHPE) from Invitrogen. GUVs were prepared from a lipid
mixture containing POPC, POPS, PI(4,5)P2, Texas Red-DHPE, and DSPE-
Bio-PEG2000 (molar ratio 80:15:5:0.3:0.3) by electroformation (Angelova and
Dimitrov, 1986; Mathivet et al., 1996), as described (Tian and Baumgart,
2009), except that the sucrose concentration was 350 mM to osmotically bal-
ance the solutions.
GUVs were introduced into protein solutions within polypropylene tubes at
room temperature at a final protein concentration of 5 mM. Aliquots were trans-
ferred between glass coverslips separated by Parafilm. GUV images were
collected using a confocal fluorescence microscope (Tian and Baumgart,
2009) with 543 nm laser excitation of Texas Red-DHPE. The contours of the
GUVs were transformed to a coordinate system using the Polar Transforma-
tion plugin in ImageJ.
Gel Filtration
We loaded 200 ml (600 mg) recombinant Exo70 or Exo70(D1–75) onto a Super-
dex 200 10/300GL column and eluted them with PBS containing 1 mM dithio-
threitol (DTT) at a flow rate of 0.5 ml/min. We collected 500 ml fractions. Twenty
microliters of each fraction was subjected to 8% SDS-PAGE and stained with
SimplyBlue SafeStain (Invitrogen). The column was calibrated using molecular
weight markers (MW-GF-1000, Sigma). For crosslinking, fractions were
treated with 40 nM BM(PEG)2 (Thermo Scientific) for 1 hr at room temperature
prior to SDS-PAGE. Exo70 has four cysteines, andBM(PEG)2 has a spacer arm
of 14.7 A˚.
Gel filtration of MDA-MB-231 cell lysates was performed using a Superdex
200 10/300GL column in a buffer containing 20 mM HEPES, pH 7.4, 1% NP-
40, 100mMKCl, 5mMMgCl2, 1mMNaF, 1mMDTT, and 1mMphenylmethyl-
sulfonyl fluoride. Fractions were collected and analyzed by western blotting.
Molecular Dynamics Simulations
A coarse-grained Exo70 model was constructed according to the crystal
structure in the Protein Data Bank (Protein Data Bank ID code 2PFT; Moore
et al., 2007). Structures for the unresolved loops and a-helical N terminus
were constructed with MODELLER (Sali and Blundell, 1993). The resulting
structure was relaxed using a short, 10 ns all-atom simulation under the
CHARMM27 force field in the GROMACS molecular dynamics simulation
package (Bjelkmar et al., 2010). A representative snapshot was then coarse-
grained for use in the MARTINI force field (Monticelli et al., 2008). To maintain
secondary structure, elastic bonds were applied to all backbone beads within
0.5–0.9 nm with a force of 500 kJ/mol-nm2, except for the N-terminal tail, for
which we used a much weaker 5 kJ/mol-nm2 force constant for residues 1–
20 and 50 kJ/mol-nm2 for residues 21–90.
Wild-type Exo70 was modeled in a parallel or antiparallel dimer conforma-
tion, while the Exo70(K571A/E572A) mutant was modeled in an antiparallel
conformation and compared to the corresponding wild-type control.
Exo70(D1–75) model was effectively a monomer, as the dimerization domain
is considerably shortened. Each modeled Exo70 variant was attached to an
equilibrated bilayer containing 12,800 lipids with a 4:1 DOPC:DOPS ratio.
The charge (1) on DOPS partly serves as a surrogate for the higher charge
(4) on PI(4,5)P2 at a lower concentration. The systems were minimized and
simulated with a standard MARTINI time step of 40 fs for 100 ns. Due to the
smoothed energy landscape in the MARTINI force field, this corresponds to
a real time of 3 to 4 times longer. The Berendsen thermostat and barostat
maintained a temperature of 310 K and semi-isotropic pressure coupling of
1.0 bar both parallel and perpendicular to the bilayer plane with coupling
time constants of 1.0 and 0.2 ps, respectively. Simulations were solvated276 Developmental Cell 26, 266–278, August 12, 2013 ª2013 Elseviewith 600,000 water beads, corresponding to four water molecules each, and
counterions were added at a physiological concentration of 150 mM. All other
parameters were set per the MARTINI force field specifications (Monticelli
et al., 2008). All simulations were performed on supercomputing platforms at
the Texas Advanced Computing Center. The CGMD simulations of the pro-
tein-membrane system were run on parallel architectures with 48 processors.
Live-Cell Imaging
B16F1 cells were cotransfected with GFP-Exo70 and mCherry-Lifeact. The
cells were replated the next day and transferred into phenol red-free L-15
medium supplemented with 10% fetal bovine serum (FBS) and kept on the mi-
croscope stage at 37C during observation. Light microscopy was performed
using an Eclipse TE2000-U inverted microscope (Nikon) equipped with Pla-
napo 1003 1.3 numerical aperture objective and Cascade 512B CCD camera
(Photometrics) driven by Metamorph imaging software (Molecular Devices).
For quantification purposes, filopodia with F-actin-free tips were defined as
filopodia lacking detectable mCherry-Lifeact fluorescence signal within a dis-
tance of 0.6 mm or more from the tip of the GFP-Exo70 signal in the same
filopodium.
Electron Microscopy of B16F1 Cells
Cells for platinum replica EMwere processed as described previously (Svitkina
andBorisy, 2006; Svitkina, 2007). Briefly, cells were extracted for 5min at room
temperature with 1% Triton X-100 in 100 mM PIPES, pH 6.9, 1 mM EGTA,
1 mM MgCl2 (PEM) buffer containing 2 mM phalloidin with or without 2%
PEG (MW 35,000), followed by fixation with 2% glutaraldehyde in 0.1 M Na-
cacodylate (pH 7.3).
Correlative EM was performed as described using cells growing on marked
coverslips (Svitkina and Borisy, 2006; Svitkina, 2007). Samples were analyzed
using a JEM-1011 transmission electron microscope (JEOL USA) operated at
100 kV. Images were captured by an ORIUS 832.10W CCD camera (Gatan)
and presented in inverted contrast.
Fluorescence Microscopy
MDA-MB-231 and B16F1 cells with different treatments were grown on cover-
slips, washed with PBS, fixed in 4% formaldehyde at room temperature for
12min, washed, permeabilized for 5min with PBS-Tween (PBST), and blocked
for 10 min with 2% bovine serum albumin in PBST. To quantify lamellipodial
protrusion, MDA-MB-231 cells were costained with an anti-Arp3 polyclonal
antibody and Alexa Fluor 350 phalloidin (Invitrogen/Molecular Probes) for fluo-
rescence observation using Leica DMI 6000B inverted microscope equipped
with a DFC350 FX camera and a 633 objective. Images were processed
with Adobe Photoshop (Adobe Systems, version 7.0). Lamellipodia ratio was
defined as the perimeter occupied by the lamellipodia to the whole cell perim-
eter, as measured by ImageJ 1.73v software. To quantify the number of filopo-
dia, B16F1 cells were stained with Alexa Fluor 594 phalloidin (Invitrogen/
Molecular Probes). To quantify the localization of different exocyst subunits
at the protruding plasma membrane, B16F1 cells were costained with anti-
Exo70 monolocal antibody and anti-Exo84 or Sec10 polyclonal antibody.
The fluorescence intensities at the protruding plasma membrane and the
whole cell were measured using ImageJ.
Wound Healing Assay
MDA-MB-231 cells were seeded in 6-well plates (2 3 106 cells per well) for
24 hr. When the cells grew to confluence, scratches were introduced using a
sterile 20 ml pipette tip. Cells were washed with PBS and refreshed with regular
growth medium. Cells were imaged after wounding at 0, 6, 24, and 48 hr by
phase contrast microscopy using Leica DMI 6000B inverted microscope
equipped with a DFC350 FX camera and a 103 objective. The percentage
of wound closure was calculated by dividing the wound distance by the initial
distance.
Transwell Migration Assay
MDA-MB-231 cells (1 3 105 cells per well) with different treatments were
seeded in the upper chamber of a transwell filter with 6.5 mm diameter,
8 mm pore size membrane (Corning) in Dulbecco’s modified Eagle’s medium
(DMEM) without serum. Cells were allowed to migrate across the filter for
24 hr at 37C toward the lower side of the chamber containing DMEM plusr Inc.
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swabs, and migrated cells on the lower side of the chamber were fixed and
stained with Giemsa stain. The average number of migrated cells in five
randomly chosen fields per transwell insert was counted to quantify the extent
of migration.
Tracking Individual Cell Migration by Time-Lapse Microscopy
MDA-MB-231 cells were plated on 35 mm glass bottom dishes (MatTek) at a
density of 4 3 104 cells in Leibovitz’s (L-15) medium (GIBCO) and placed in a
temperature-controlled chamber. Themovement of individual cells was traced
with an inverted microscope (Eclipse TE2000-U, Nikon) using a 43 objective.
Phase time-lapse recording started 24 hr after plating, and images were
collected at 5 min intervals over 15 hr. The motility parameters, including
migration path, net distance, and rate, were obtained from time-lapse movies
using Metamorph imaging software. The migration paths were shown as
graphs using Excel (Microsoft). The directional persistence was calculated
as a ratio of the net displacement and the total length of migration paths (the
D:T ratio) during a 400 min period. Sixty cells were analyzed for each treat-
ment. Each set of experiments was performed in duplicate.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.07.007.
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